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Keratinocyte apoptosis is a central element in the
regulation ofhair follicle regression (catagen), yet the
exact location and the control of follicular keratino-
cyte apoptosis remain obscure. To generate an "apop-
tomap" of the hair follicle, we have studied selected
apoptosis-associated parameters in the C57BL/6
mouse model for hair research during normal and
pharmacologically manipulated, pathological catagen
development. As assessed by terminal deoxynucle-
otide transferase dUTP fluorescein nick end-labeling
(TUNEL) stain, apoptotic cells not only appeared in
the regressing proximal follicle epithelium but, sur-

prisingly, were also seen in the central inner root
sheath, in the bulge/isthmus region, and in the sec-

ondary germ, but never in the dermal papilla These
apoptosis hot spots during catagen development cor-

related largely with a down-regulation of the Bcl-2/
Bax ratio but only poorly with the expression pat-
terns of interleukin-118 converting enzyme, p55FR,
and Fas/Apo-1 immunoreactivity. Instead, a higher
correlation was found with p75" expression. Dur-
ing cyclophosphamide-induced follicle dystrophy
and alopecia, massive keratinocyte apoptosis oc-

curred in the entire proximal hair bulb, except in the
dermal papilla, despite a strong up-regulation of Bax
and p75NT immunoreactivity. Selected receptors of
the tumor necrosis factor/nerve growth factor family
and members of the Bcl-2 family may also play a key
role in the control offollicular keratinocyte apoptosis
in situ. (AmJPatbol 1997, 151:1601-1617)

One of the most intriguing features of the hair follicle is
that, after a prolonged period of growth (anagen), it spon-
taneously enters into a phase of rapid organ involution
(catagen) until the follicle re-enters into anagen via an
interspersed resting phase (telogen).1 2 Based on mor-
phological evidence, this organ involution, to a large
extent, reflects coordinated keratinocyte apoptosis in the
regressing proximal hair bulb.3 No other mammalian or-
gan rhythmically undergoes such dramatic, but physio-
logical, apoptosis during the entire lifespan of the organ-

ism. Thus, catagen development offers one of the most
attractive models available to date for studying the con-
trols of programmed epithelial cell death in situ in fully
developed mammalian organisms.45 As is the case in
numerous other developmental systems,6 apoptosis is
also an important parameter for modeling the architec-
ture of the developing follicle epithelium during follicle

5,7morphogenesis.5
However, the occurrence of cell death in normal cata-

gen with the light microscopic and ultrastructural features
of apoptosis3 has not yet been confirmed by standard
biochemical evidence, using, eg, the in situ end-labeling
technique (terminal deoxynucleotide transferase (TdT)
dUTP fluorescein nick end labeling (TUNEL)) or by dem-
onstrating endonuclease activation.69 Neither have the
subpopulations and the exact intrafollicular location of
apoptotic follicle cells during the various stages of normal
catagen been defined, nor have the controls of follicle
keratinocyte apoptosis during spontaneous catagen
been elucidated. In fact, most of our current understand-
ing of the regulation of apoptosis is based on in vitro
studies of hematopoietic, neural, and transformed cell
populations,'0`1 whereas very little is known on the con-
trol of normal keratinocyte apoptosis in situ.4.7,14

In mice, the steady-state mRNA levels for some gene
products implicated in the control of apoptosis, eg, Fas,
transforming growth factor (TGF)-3, and tumor necrosis
factor (TNF)-P3, rise when a wave of follicles enters into the
anagen-catagen-telogen transformation of the hair cy-
cle.15 In sheep, the infusion of epidermal growth factor
(EGF) induces synchronized catagen by triggering mas-
sive keratinocyte apoptosis in the proximal hair bulb,16,17
and multiple additional signaling molecules have been
implicated in the control of catagen, eg, fibroblast growth
factor (FGF)-5, TGF-13, insulin-like growth factor (IGF)-1,
parathyroid hormone-related peptide (PTHrp) (for review
see Refs. 18 and 19). Yet it has not been clarified for any
of these factors which direct role they play in the control
of follicle keratinocyte apoptosis in situ.

Therefore, one basic challenge remains to define the
location of apoptotic cells during follicle regression and
to correlate this with key parameters likely to be relevant
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in the control of keratinocyte apoptosis. Apoptosis under-
lies strict "social controls"20 exerted by the cellular mi-
croenvironment and probably reflects the net result of a
wide range of interacting extra- and intracellular, pro- and
anti-apoptotic factors.12'13'21-23 Thus, follicular apoptosis
may result from the coincidence of a decline of anti-
apoptotic factors (eg, decreased receptor expression for
growth factors that suppress apoptosis and declining
intracellular Bcl-2 level) with an increase in pro-apoptotic
factors (eg, increased expression of "death receptors"
such as Fas/Apo-1, p55TNFR and p75NTR and increase of
intracellular Bax level and interleukin-13 converting en-
zyme (ICE) activity) during the final period of the growth
phase (late anagen VI). 18'24
To probe this hypothesis, we have studied catagen-

associated apoptosis in the C57BL/6 mouse model for
hair research.1'25'26 We have assessed when and where
exactly apoptotic cells can be visualized during the spon-
taneous catagen transformation of depilation-induced
anagen VI follicles,26 28 whether there are signs of endo-
nuclease activity9 22 during normal and pathological
catagen development, and how this correlates with the
expression of Bcl-2, Bax, ICE, Fas, p55 and p75
The latter parameters were selected for analysis as the
intracellular ratio of anti-apoptotic Bcl-2 and pro-apop-
totic Bax expression is considered to be one critical
factor in apoptosis control13'21'22'29 and because activa-
tion of members of the ICE-like cysteine protease family is
thought to represent a fairly late, irreversible key event in
the apoptosis control machinery.233031 Selected mem-
bers of the TNF/nerve growth factor (NGF) receptor fam-
ily32 were studied, as they are involved in the initiation of
apoptosis by their corresponding ligands in multiple cell
types: Fas/Apo- 1, p55 and p75

To compare the expression patterns of these intrafol-
licular apoptosis-related parameters during physiological
catagen with those observed during pathological cata-
gen development, two additional, pharmacologically ma-
nipulated types of anagen-catagen transformation were
studied: 1) massive, premature, but morphologically nor-
mal catagen induced by topical dexamethasone27 (DEX)
and 2) dystrophic, premature catagen development as-
sociated with alopecia, induced by systemic cyclophos-
phamide (Cyp).39-41 These comparisons are interesting
in that they allow insights into conditions under which
follicle keratinocyte apoptosis occurs in an exaggerated
manner42-43 and in that they offer clinically relevant mod-
els for human hair growth disorders (DEX-induced cata-
gen: telogen effluvium;27 CYP: chemotherapy-induced
alopecia39). On this basis, novel strategies for the pre-
vention of intrafollicular apoptosis might then be devel-
oped, which target defined controls of follicle keratino-
cyte apoptosis.

Materials and Methods

Animal Model and Tissue Collection
Six- to nine-week-old, syngeneic, female C57BL/6 mice in
the telogen stage of the hair cycle, weighing 15 to 20 g,
were purchased from Charles River (Sulzfeld, Germany),

housed in community cages at the animal facilities of the
Virchow Hospital (Berlin, Germany) with 12-hour light pe-
riods, and fed water and mouse chow ad libitum. The
growth phase of the hair cycle (anagen) was induced in
the back skin of mice with all follicles in the resting phase
of the hair cycle (telogen), as judged from their homoge-
neously pink back skin color, by application of a melted
wax/rosin mixture (1:1) under general anesthesia as pre-
viously described.26'27 Briefly, after hardening, the wax/
rosin mixture was peeled off the skin, thus plucking all
telogen hair shafts and thereby inducing the follicles to
enter anagen.

After 17 to 19 days, these depilation-induced anagen
follicles enter spontaneously into catagen, as can be
appreciated from the conversion of their skin color from
black to gray and finally to pink. This transformation be-
gins in the neck region and travels to the tail region and
flanks within 2 to 3 days until the entire depilated back
area is pink again (ie, in telogen).1 27 All stages of the
anagen VI/catagen to VIII/telogen transformation of the
murine hair cycle were studied (classification according
to Ref. 1), with special emphasis on anagen VI (12 and 16
days after depilation (p.d.)) and catagen 11, IV, VI, and VIl
(17, 18, and 19 days pd.).27,28

Spontaneous catagen development in depilation-in-
duced anagen follicles was compared with massive, pre-
mature, but morphologically normal, catagen develop-
ment that had been induced by topical 0.1% DEX-21-
acetate application27 and with premature, pathological,
dystrophic catagen associated with alopecia, as induced
by CYP intraperitoneally.39'40
The neck region of murine back skin was harvested

parallel to the vertebral line to obtain longitudinal sections
through the hair follicles25 and was deep frozen in liquid
nitrogen, covered with embedding medium, and pro-
cessed for immunohistochemistry and TUNEL staining as
described below. In general, each parameter was exam-
ined by studying at least 50 hair follicles of at least three
different mice per cycle stage.

TUNEL/Hoechst 33242
To evaluate apoptotic cells, we used an established,
commercially available TUNEL kit (ApopTag, Oncor,
Gaithersburg, MD). In addition, we combined this proce-
dure with counterstaining by HOECHST 33342 dye (Sig-
ma Chemical Co., Diesenhofen, Germany), which inter-
calates between DNA base pairs and can be used for
detecting apoptotic cells that become visible as
shrunken or fragmented, intensively labeled cells or ap-
optotic bodies.9 Using this combined technique, which
increases the likelihood of correct identification of apo-
ptotic cells, apoptotic cells were identified by comparing
shrunken, intensively stained nuclei and fragmented
chromatin with surrounding, normal cells. As a high rate
of constitutive apoptosis prominently occurs in thymo-
cytes,31 4546 the same procedure was carried out with
thymus cryosections of 4-week-old mice as positive con-
trols.

Ten-micron cryostat sections of C57BL/6 back skin
were freshly prepared and fixed in formalin (10%) for 10
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Table 1. Antibodies: Source, Technique, and Dilution

Antigen Characterization of primary antibody Dilution Reference Technique Source

ICE Polyclonal rabbit-anti-mouse, recognizes 1:100 50, 51 IF Santa Cruz
an amino acid sequence of inactive Biotechnology,
ICE and of the p10 subunit of Santa Cruz, CA
activated ICE

Bcl-2 Monoclonal hamster anti-mouse Bcl-2 1:250 76 ABC Pharmingen, San
p26 protein Diego, CA

Bax Monoclonal rat anti-mouse Bax-a 21-kd 1:250 77 APAAP Pharmingen
protein

Fas/Apo-1 Monoclonal hamster anti-mouse Fas/ 1:50 78 ABC Pharmingen
Apo-1 45-kd cell surface protein

p55TNF a) Polyclonal goat anti-human TNF 1:100 79 ABC R&D Systems,
receptor binding protein Minneapolis, MN

b) Monoclonal rat anti-mouse TNF 1:20 APAAP Biozol, Eching,
receptor (p55TNFR) Germany

p75NTR Monoclonal rat anti-mouse p75NTR 1:100 80 APAAP Chemicon,
receptor Temecula, CA

IF, immunofluorescence; APAAP, alkaline phosphatase anti-alkaline phosphatase; ABC, avidin-biotin complex.

minutes at room temperature (RT) and post-fixed in eth-
anol/acetic acid (2:1) for 5 minutes at -200C. The sec-
tions were then covered with equilibration buffer for 5
minutes at RT, followed by an incubation with TdT solu-
tion for 1 hour at 37°C. The reaction was terminated with
stop/wash buffer (30 minutes at 370C). Digoxigenin-
dUTP-labeled DNA compounds were detected by anti-
digoxigenin fluorescein isothiocyanate (FITC)-conju-
gated F(ab)2 fragments. Dilutions used for the TUNEL
stain were adopted from the manufacturer's manual.
Counterstaining with HOECHST 33342 dye (10 ,ug/ml in
phosphate-buffered saline (PBS)) was performed by an
incubation step of 45 minutes at RT. Each phase was
interspersed by a washing step (three times) in PBS.
Finally, sections were mounted using VectaShield (Vector
Laboratories, Burlingame, CA), and apoptotic cells were
detected with a fluorescence microscope (Zeiss, Jena,
Germany) with the appropriate filters. Negative controls
for the TUNEL staining were made by omitting TdT, ac-
cording to the manufacturer's protocol. Positive TUNEL
controls were run by comparison with tissue sections
from the thymus of young mice, with their high degree of
spontaneous thymocyte apoptosis.

Quantitative Histomorphometry
The number of TUNEL-positive cells per follicle in four
different regions (bulge/isthmus, central inner root
sheath, proximal hair bulb, and epithelial strand) was
counted at four different time points (late anagen VI,
catagen 11, catagen IV, and catagen VIl) of the murine
hair cycle. The graph shown in Figure 4 was derived from
analyzing >20 longitudinally sectioned follicles from the
lower back of three C57BL/6 mice per time point. Note
that the epithelial strand does not appear before catagen
VI has developed and that the proximal hair bulb is
deleted by catagen V11.

DNA Laddering
DNA laddering was examined using standard proto-
cols.9'22 DNA was extracted (DNA extraction kit, Strat-

agene, La Jolla, CA) from full back skin harvested at
various time points of the C57BL/6 murine hair cycle, with
or without pharmacological treatment (CYP or DEX). Ap-
optosis induction by 1 nmol/L camptothecin47 in HL-60
cells and DNA extracts from the thymus of 4-week-old
mice were used as controls. DNA content was evaluated
by photometric detection (UV260), and the same amount
of DNA was loaded in each lane. DNA laddering was
visualized using a 2% agarose gel containing ethidium
bromide (0.5 ,ug/ml), and documentation was done by
using a Polaroid camera. The 400-bp band of each lane
was evaluated by computer-assisted scanner densitom-
etry (ScanPack, Biometra, Gottingen, Germany).

Immunohistochemistry
The primary and secondary antibodies used here, their
dilutions, and the antibody sources are outlined in Table
1. As no control peptides were available for preabsorp-
tion negative control (except in the case of ICE), incuba-
tion with the appropriate serum without primary antibod-
ies was used as negative control. In addition, systematic
comparison of the observed immunoreactivity (IR) pat-
terns with published IR patterns of the stained antigens
were taken as internal positive and negative controls for
each antibody.

All specific and reproducible IR patterns were re-
corded and summarized in computer-generated sche-
matic representations of the anagen-catagen transforma-
tion of the murine hair cycle, designed to reflect the key
features of murine hair follicle anatomy and their changes
during catagen development as accurately as possible.
These qualitative summary schemes shown below reflect
only the most prominent and most reproducible, specific
IR patterns identified by three independent observers. To
determine whether individual cell populations showed IR
for multiple antigens, double and triple stains were per-
formed according to our previously described immuno-
histology and immunofluorescence protocols.4a49 Pho-
tomicrographs of all immunohistological analyses were
generated using a Zeiss microscope and a digital image
analysis system (Isis, Metasystems, Altiussheim, Germany).
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Interleukin- 113 Converting Enzyme (ICE)
To determine which cell populations co-express ICE IR
with signs of DNA fragmentation, the combined Hoechst
33342 and in situ end labeling method (TUNEL) de-
scribed above and an immunohistochemical staining
method for ICE IR detection were combined. The ICE
antibody recognizes the p10 subunit of activated ICE and
an amino acid sequence of inactive ICE.50'51

In the first part of this triple-staining protocol, the TUNEL
reaction was performed as described above, except for
addition of the anti-digoxigenin FITC-conjugated F(ab)2
fragments (omission of the final step). Sections were then
blocked with 10% normal goat serum in 0.05 mol/L Tris-
buffered saline (TBS) for 20 minutes at RT and were incu-
bated overnight (without an interspersed washing step) with
anti-ICE antibody (containing 2% normal goat serum in
TBS). After a subsequent washing step, sections were in-
cubated with anti-digoxigenin FITC-conjugated F(ab)2 frag-
ments. The secondary antibody (goat anti-rabbit tetraethyl-
rhodamine-isothiocyanate-conjugated F(ab)2 fragments, 1:
200) was incubated for 30 minutes at 370C after an
additional interspersed washing step. As negative control,
neutralizing peptide (1:50 in PBS; Santa Cruz Technologies,
Santa Cruz, CA) was preincubated with anti-ICE antibody
for 1 hour at 37°C. The distribution and intensity of ICE-
immunoreactive (ICE-IR) cells were determined with a fluo-
rescence microscope (Zeiss, using the appropriate filters)
at magnifications from x100 to x400.

BcI-2/Bax
Bcl-2 and Bax antigens were detected by a double-staining
procedure (Table 1). Ten-micron cryostat sections were
fixed in acetone (10 minutes at -20°C) and preincubated
with 10% normal bovine serum (NBS), followed by an incu-
bation with the primary anti-Bax antibody overnight contain-
ing 1% NBS. After washing, sections were incubated with
rabbit anti-rat secondary antibody (1:200), containing 2%
normal rabbit serum and 4% normal mouse serum. After an
additional washing step, sections were incubated with rat
alkaline phosphatase anti-alkaline phosphatase complex
(Dako, Glostrup, Denmark) in the same buffer as the sec-
ondary antibody. To increase staining intensity, the last two
steps were repeated for 10 minutes each. For the develop-
ing of the first color reaction, Fast Blue (Sigma) was pre-
pared according to the manufacturer's protocol, and sec-
tions were incubated for 15 to 20 minutes after an additional
washing step. In the second part of the double-staining
procedure, avidin and biotin blocking solution (Vector Lab-
oratories) was added for 15 minutes each, interspersed with
washing. Sections were then incubated overnight with anti-
mouse Bcl-2 antibody (containing 2% NBS). After a subse-
quent washing step, the secondary antibody (goat anti-
hamster, diluted 1:200 and containing 4% normal goat
serum) was added to the sections for 30 minutes. Avidin-
biotin complex (ABC) solution (Vector Laboratories), la-
beled with horseradish peroxidase, was prepared (avidin
and biotin, each 1: 100) 30 minutes before use and was then
incubated for 30 minutes after washing. The 3-amino-9-

ethylcarbazole (Sigma) developing solution was prepared
as previously described,48 and the color reaction was per-
formed for 15 to 20 minutes after an additional washing
step. Finally, Kaiser's aqueous gelatin glycerol was used for
mounting the slides. In addition, selected sections were
also stained using only antibody against Bcl-2 according to
the protocol described above, and in this case, ABC/alka-
line phosphatase was used at the last step of immunohis-
tochemical procedure, and cell nuclei were counterstained
by Meyer's hemalaun. Reactions were performed at RT,
and TBS was used for washing and to dilute the antibodies.
The distribution of Bax IR was assessed by blue, and Bcl-2
IR was assessed by red or red/brown color, using a light
microscope (Zeiss).

Fas/APO-1, p55TNF, and p75NTR
The IR patterns of each of these apoptosis-associated
cell surface receptors were evaluated by immunohistol-
ogy. To judge the results of the antibody against human
TNF receptor-binding protein (Table 1, p55TNFR (a)), we
used an additional antibody directed to mouse p55TNFR
antigen (Table 1, p55TNFR (b)). Fas/APO-1 and p55TNFR
(a) IR was assessed by the same techniques. The same
protocol as described in the first part of the Bcl-2/Bax
double staining was used for the second primary anti-
body (b) against the p55TNFR antigen listed in Table 1.

Ten-micron cryostat sections of each selected hair cycle
stage were prepared as described above and then blocked
with avidin and biotin (Vector Laboratories) for 15 minutes
each. In addition, sections were blocked either with 10%
NBS in TBS for 15 minutes (for Fas/Apo-1) or with 10%
normal swine serum, 1% normal mouse serum, and 1%
NBS (for p55TNFR). Without washing, sections were then
incubated with primary antibody (p55TNFR and Fas/Apo-1)
overnight, followed by an incubation (30 minutes at 370C)
with biotinylated secondary antibody (1:200), containing 1%
NBS (for p55TNFR) or 4% normal goat serum (Fas/Apo-1).
Alkaline-phosphatase-conjugated streptavidin was used as
a third-layer reagent (diluted 1:500 in TBS for 7 minutes at
370C). p75NTR antigen was detected using the same pro-
tocol as described in the first part of the Bcl-2/Bax double
staining, using the primary antibody listed in Table 1. Anti-
gen/antibody complexes were visualized using the previ-
ously described developing solution.52 The color reaction
was stopped 10 to 15 minutes later in TBS after standard
counterstaining (Meyer's). Incubations were done at RT,
followed by washing with TBS for 5 minutes (three times).
Slides were mounted in Kaiser's aqueous gelatin glycerol.
Positive staining was identified by a red color.

Results

Distribution of TUNEL-Positive Cells during the
Anagen-Catagen Transformation
Double staining by the TUNEL method and Hoechst
33342 dye revealed that almost all TUNEL-positive cells
in the follicle epithelium also showed a substantial in-
crease in the intensity of Hoechst 33342 staining (com-
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pared with neighboring TUNEL-negative cells). For
greater simplicity, TUNEL and Hoechst 33342 double-
positive cells, in the following, are referred to as TUNEL
positive. TUNEL-positive cells in thymus sections, pre-
pared as positive controls, gave a very similar signal
under the same assay conditions, thus attesting to the
specificity and sensitivity of the apoptosis demarcation
technique used here. In general, only a few isolated
TUNEL-positive cells were seen in murine hair follicles
during any stage of the anagen VI/catagen/telogen trans-
formation. However, distinct regions of the follicle epithe-
lium displayed clusters of TUNEL-positive cells (apopto-

Figure 1. DNA fragmentation assessed by the TUNEL method in longitudinal
sections through a complete anagen VI (a) and catagen VII (b) hair follicle.
Cryostat sections (10 ,um) of mouse back skin were stained by the TUNEL
method to determine DNA fragmentation during apoptotic cell death using a
FITC TUNEL kit (Oncor). Representative cross sections of an entire anagen VI
(a) and a catagen VII (b) follicle of the induced murine hair cycle are shown
to provide an overview of the four identified apoptotic hot spots. a: In
anagen VI hair follicles (day 12 p.d.), TUNEL-positive staining (bright dots)
was found in keratinocytes of the central IRS (arrowhead) and distal ORS,
both below (small arrow ) and above the bulge/isthmus region (arrow). b:
In catagen VII hair follicles, numerous fluorescent TUNEL-positive keratino-
cytes were located in the bulge/isthmus region and the distal ORS (arrows),
in the trailing epithelial strand (small arrows), and in the secondary hair
germ (arrowhead). E, epidermis; SG, sebaceous gland; IRS, inner root
sheath; ORS, outer root sheath; DP, dermal papilla; B, bulge/isthmus; ES,
epithelial strand cells; SHG, secondary hair germ; bulb, hair bulb. Scale bars,
100 ,um.

sis hot spots) during one or several of the stages
described below.

Surprisingly, already in anagen VI (day 12 p.d.), the
number of intrafollicular TUNEL-positive cells detectable
increased substantially, namely, in the central part of the
inner root sheath (IRS) (Figures la, 2a, and 3a) and in the
distal outer root sheath (ORS), including the isthmus and
bulge region (Figures la, 2b, and 3a). In late anagen VI
(day 16 p.d.) and with the onset of catagen 11 (day
17 p.d.), the number of TUNEL-positive keratinocytes in
the central IRS declined again. Most interestingly, numer-
ous cells in the bulge/isthmus region with epithelial phe-
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Figure 2. Dynamic patterns of DNA fragmentation assessed by the TUNEL method in keratinocytes during spontaneous hair follicle regression (catagen). Cryostat
sections (10 /im) of mouse back skin were stained by a fluorescent modification of the TUNEL method to determine DNA fragmentation during apoptotic cell death in
different stages of the induced hair cycle using the FITC TUNEL kit (Oncor). a and b: In anagen VI hair follicles, TUNEL-positive staining (bright dots) was found in
keratinocytes of the central IRS (a, arrows) and in the distal ORS beneath and below bulge/isthmus (b, arrows). c: Surprisingly, in catagen II, cells of the bulge/isthmus
region (arrow) and cells beneath and below this portion were TUNEL positive. d: The first keratinocytes in catagen II, which became TUNEL positive in the proximal
region of the hair follicle, were located around the dermal papilla (arrow) in the regressing hair matrix. e: Isolated TUNEL-positive cells were seen in the sebaceous gland
throughout the entire anagen VI catagen development (arrow; note also the TUNEL-positive cells in the bulge/isthmus region (arrowhead)). f: In catagen IV, multiple
keratinocytes in the regressing hair matrix around the dermal papilla displayed TUNEL-positive reaction (arrows), whereas dermal papilla fibroblasts remained TUNEL
negative (arrowhead). g: Catagen V was associated with TUNEL-positive keratinocytes in the regressing proximal hair bulb (arrows) and keratinocytes in close vicinity
to the club hair (arrowhead). h: Numerous strongly fluorescent TUNEL-positive keratinocytes were located in the trailing epithelial strand (arrowhead) and the secondary
hair germ in catagen VII hair follicles (arrow). IRS, inner root sheath; ORS, outer root sheath; HM, hair matrix; DP, dermal papilla; B, bulge/isthmus; CH, club hair; TESC,
trailing epithelial strand cells; SHG, secondary hair germ; APM, arrector pili muscle; SG, sebaceous gland. Scale bars, 100 ,um (a, d, and g) and 50 ,um (b, c, e, f, and h).
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Figure 3. Schematic representation of the topographic distribution ofTUNEL-
positive cells (a), ICE IR (b), and Bcl-2/Bax IR (c) during different stages of
spontaneous hair follicle regression (catagen). Those keratinocytes or hair
follicle compartments with TUNEL-positive staining (a) or ICE IR (b) are in
black. Those hair follicle compartments or individual cells with Bcl-2 IR (c)
and Bax IR are in black and gray, respectively, whereas double-labeled areas

or keratinocytes are hatched. The different stages of hair cycle are indicated
according to Straile et al ' with modifications.18 The summary scheme was

derived from analyzing >50 longitudinally sectioned follicles from the lower
back of three to five harvested C57BL/6 mice per time point. APM, muscle
arrector pili; B, bulge/isthmus; EP, epidermis; ES, epithelial strand; SHG,
secondary hair germ; SG, sebaceous gland; ORS, outer root sheath; IRS, inner
root sheath; DP, dermal papilla; TES, trailing epithelial strand; meL, melanin.

notype became TUNEL positive, and throughout catagen
development there was a large number of TUNEL-posi-
tive cells in this region (Figures 1b, 2c, and 3a). A few
keratinocytes just around the dermal papilla (DP) were
the first clustered cells of the proximal hair matrix to
become TUNEL positive during catagen 11 (Figures 2d
and 3a). The number of TUNEL-positive cells further in-
creased in this region during catagen 1II, IV, and V (Fig-
ures 2, f and g, and 3a). Unexpectedly, even keratino-
cytes proximal to the differentiating club hair became
TUNEL positive in catagen V, VI, and VII (Figures 2g and
3a).

Catagen VI was associated with a very substantial
up-regulation of the number of TUNEL-positive keratino-
cytes in the entire epithelial strand of the involuting hair
bulb (Figures 3a and 6, b and c). Notably, cells of the
secondary germ also became TUNEL positive at this time

hIrfoIlle reions

Figure 4. Quantitative histomorphometry of TUNEL-positive cells in the four
apoptotic hot spots of the regressing hair follicle at various time points of the
anagen-catagen transformation. The number of TUNEL-positive cells/follicle
in four different regions (bulge/isthmus, central inner root sheath, proximal
hair bulb, and epithelial strand) was counted at four different time points
(late anagen VI, catagen II, catagen IV, and catagen VII) of the murine hair
cycle. The graph was derived from analyzing >20 longitudinally sectioned
follicles from the lower back of three C57BL/6 mice per time point. Note that
the epithelial strand does not appear before catagen VI has developed,
whereas the proximal hair bulb has been deleted by catagen VII.1

(Figures 3a and 6c). In catagen VIl and VIII, a strong
TUNEL-positive reaction was seen in cells of the epithelial
strand as well as in keratinocytes of the residual, regress-
ing ORS (Figures 1b, 2h, and 3a). By quantitative histo-
morphometry, it became evident that catagen develop-
ment was associated with a significant (P < 0.05) up-
regulation of TUNEL-positive cells in the bulge/isthmus
and the proximal hair bulb and a down-regulation of
TUNEL-positive cells in the central IRS. The number of
apoptotic cells in the epithelial strand, which appears
only late in catagen development, was by far the highest
of any follicle region (Figure 4).

Fibroblasts of the DP were never seen to be TUNEL
positive during any of the examined hair cycle stages
(Figures 1, a and b; 2, a-d and f; 6b; and 3a). In contrast,
isolated sebocytes were TUNEL positive throughout cata-
gen (Figures 2e and 3a).

Endonuclease Activity during Spontaneous and
Induced Catagen
It is extremely difficult to demonstrate endonuclease ac-

tivity, another standard indicator of apoptosis, in an in-
tact, normal organ where only a very small minority of
cells at any given time point undergo apoptosis, and the
corresponding DNA ladder pattern can at best be ex-

pected to yield very faint nucleosome-sized DNA bands.9
Yet here we provide evidence that DNA laddering can be
noted even in normal mouse skin containing hair follicles
in various stages of the synchronized anagen- catagen
transformation (Figure 5, a and b).

To show the range of oligomeric DNA fragmentation, a

marker (500 bp; Boehringer Mannheim, Mannheim, Ger-
many) was used in lane 1 (Figure 5a). To assess endo-
nuclease activity in the different stages of the normal

E

anagen VI
catbgen l1
catagen IV
catagen VIl

o
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Figure 5. a: Weak DNA laddering of total back skin extracts from various
time points of the normal and the pharmacologically manipulated murine
hair cycle. DNA fragmentation was visualized using a 2% agarose gel stained
with ethidium bromide. To assess endonuclease activity in the different
stages of the normal and pharmacologically manipulated murine hair cycle,
key time points were selected. In lane 1, a 500-bp marker was used. No DNA
laddering was seen in telogen skin (day 0 p.d.) (lane 2). Lane 3 showed very

weak, ethidium-bromide-stained, fragmented DNA in anagen VI (day
12 p.d). In contrast, DNA extracts of day 17 (lane 4) and 19 (lane 5) p.d.
showed more substantial DNA laddering, represented by oligonucleotides in
the range of 180 to 200 bp (arrowheads). Dexamethasone-treated skin from
day 14 p.d. (lane 6) showed DNA fragmentation comparable to normal
catagen skin (note that DEX-treated skin samples were taken a few days
earlier than normal catagen skin samples) In lane 7, strong ethidium bromide
staining was found in skin samples of CYP-treated mice (day 10 p.d.). As
positive controls for apoptosis-associated DNA laddering, we used extracted
DNA from HL-60 cells in which apoptosis was induced by 1 nmol/L camp-

tothecine (lane 8) and from thymus of young mice (lane 9). b: Densitometric
analysis of DNA laddering. The 400-bp band of each lane of the agarose gel
was evaluated by computer-assisted densitometry (ScanPack, Biometra).8'

murine hair cycle, key time points were selected; no DNA
laddering was seen in murine back skin with all follicles in
telogen (day 0 p.d.; Figure 5, a (lane 2) and b). Very weak
ethidium-bromide-stained, fragmented DNA appeared in
anagen VI (day 12 p.d.; Figure 5, a (lane 3) and b). In
contrast, DNA extracts of days 17 and 19 p.d. showed
substantial laddering (Figure 5, a (lanes 4 and 5) and b).
Premature, but morphologically normal catagen, which
had been induced by DEX, again was less intensive than
days 17 and 19 p.d. of spontaneous catagen develop-
ment (Figure 5, a (lane 6) and b). DNA laddering was
most pronounced in skin samples that had been treated
with CYP (Figure 5, a (lane 7) and b).
As positive controls for DNA laddering we used HL-60

cells in which apoptosis had been induced by campto-
thecine47 (Figure 5a, lane 8) and the thymus of young
mice with its high rate of spontaneous thymocyte apopto-
sis31,45,46 (Figure 5a, lane 9).
Taken together, this biochemical evidence strongly

supports that the TUNEL/Hoechst 33342 double-staining

in situ data reported above do reflect the occurrence of
genuine apoptosis.

Expression of Key Components of the Cellular
Apoptosis Control Machinery: ICE, Bcl-2, and
Bax
Unexpectedly, strong ICE IR was observed in the non-
cycling epithelial part of the hair follicle as well as in some
epidermal cells of late anagen VI follicles (Figures 3b and
6a; note that the antibody used here recognizes both the
activated and the inactive form of ICE50'51). These re-
gions remained ICE positive throughout catagen devel-
opment (Figure 3b and Table 2). In addition, ICE IR was
present in the central ORS in catagen 11, 111, and IV (Figure
3b and Table 2). The proximal hair matrix keratinocytes
and the epithelial strand showed substantial ICE IR only
late during catagen development, ie, in catagen V, VI, VII,
and VIII (Figures 3b and 6, b and c). No ICE IR was found
in the DP throughout anagen or catagen (Figures 3b and
6b). Weak ICE IR was seen in isolated sebocytes during
all examined hair cycle stages (Figure 3b). As assessed
by TUNEL/Hoechst 33342/ICE triple stain, almost all
TUNEL-positive keratinocytes in the anagen VI/catagen
transformation were located in the ICE-IR follicle com-
partments (Figure 3, a and b). Only the central IRS kera-
tinocytes of anagen VI hair follicles showed substantial
numbers of TUNEL-positive cells, but they were ICE IR
negative (Figure 3, a and b, and Table 2).

Bcl-2 IR was seen in the DP (Figures 3c and 6, d and
g) and in the "noncycling," epithelial part of the distal hair
follicle (Figures 3c and 6, d and g) during all examined
cycle stages. Keratinocytes of the bulge and isthmus
region were only Bcl-2 positive and Bax negative (Figures
3c and 6e), whereas cells in the proximal IRS, ORS, and
hair matrix in late anagen VI displayed both Bc1-2 and
Bax IR (Figures 3c and 6f). Only in the epidermis, DP, and
distal ORS (including the bulge/isthmus region) did Bcl-2
remain strongly expressed throughout catagen develop-
ment, and no Bax IR was seen in these regions (Figures
3c and 6e and Table 2). Double immunovisualization of
Bcl-2/Bax IR showed a sudden, progressive decline of
Bcl-2 IR, associated with a simultaneous increase of Bax
IR in proximal hair matrix keratinocytes during catagen 11
to Vil, compared with that in anagen VI (Figures 3c and
6g). In catagen 11, Bcl-2-IR keratinocytes were still
present in the regressing hair matrix (Figure 3c), but by
catagen VI, practically all keratinocytes in the epithelial
strand showed a strong predominance of Bax IR, and
only a few isolated epithelial cells in the secondary hair
germ (SHG) were Bcl-2/Bax double positive (Figures 3c
and 6g). No Bax IR was found in DP fibroblasts in any of
the studied anagen or catagen stages (Figures 3c and
6g).

In summary, almost all follicle regions below the bulge/
isthmus region, where the majority of apoptotic cells was
located during catagen development, were also strongly
Bax and ICE positive, and a sudden decline in Bc1-2 IR
coincided with the onset of apoptosis below the level of
the bulge/isthmus. However, even in the permanently
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Bcl-2-positive distal ORS, clusters of TUNEL-positive
cells became visible throughout catagen, accompanied
by strong, homogeneous expression of ICE IR in this
region.

Expression ofApoptosis-Associated Receptors
Fas/Apo- 1, p55TNFR, and p75NTR
In anagen VI hair follicles, Fas/Apo-1 was expressed on
individual keratinocytes in the central ORS, and its ex-
pression was homogeneously distributed within the
bulge/isthmus region (Figures 6h and 7a), where Fas IR
was seen throughout the anagen-catagen-telogen trans-
formation. Keratinocytes of the proximal ORS, IRS, and
hair matrix were Fas/Apo-1 negative in anagen VI folli-
cles. In catagen 11, only individual keratinocytes in the
proximal and central portions of the ORS showed Fas/
Apo-1 IR, whereas practically all keratinocytes in the
bulge/isthmus were Fas/Apo-1 positive (Figure 7a and
Table 2). During further catagen development, expres-
sion of Fas/Apo-1 was found in the entire central ORS
(catagen IV to VI) and individual Fas/Apo-1-IR keratino-
cytes appeared in the regressing epithelial strand, the
secondary hair germ, and the central IRS (Figure 6i). DP
fibroblasts did not display any Fas/Apo-1 IR during the
entire anagen-catagen transformation.

Strong p75NTR IR expression was noted only in the
central ORS and in the distal portion of the proximal ORS
between anagen VI (Figures 6j and 7b) and catagen IV.
In addition, this receptor was expressed in the isthmus
and bulge region during catagen 11 to VIII (Figure 6k) and
in the regressing epithelial strand as well as the second-
ary hair germ during catagen VI to VIII (Figures 61 and
7b). Interestingly, neither Fas/Apo-1 nor p55TNFR- or
p75NTR IR could be detected in DP fibroblasts during any
of the anagen-catagen-telogen transformation stages of
the hair follicle (Figures 6, i, 1, and m, and 7).

The two different antibodies used to detect the TNF
receptor type I antigen (Table 1, a and b), showed almost
the same IR pattern. In contrast to the more restricted
expression patterns of Fas/Apo-1 and p75NTR, p55TNFR
was very widely expressed in anagen VI follicles (Figure
7c); p55TNFR IR was seen in the proximal ORS and IRS
(Figures 6m and 7c), and relatively weaker expression
was seen in the central and distal ORS and the isthmus/
bulge region (Figure 7c and Table 2). In catagen 11, the
area of strong follicular p55TNFR IR expression increased
dramatically, and enhanced p55TNFR IR was seen not
only in the proximal ORS but also in the central portion of
the hair follicle ORS (Figures 6n and 7c). During catagen
IV to VII, strong p55TNFR IR was observed in the proximal
and central ORS and in the regressing epithelial strand
(Figures 60 and 7c). Relatively weak expression of this
receptor remained visible in the isthmus/bulge region
throughout catagen development, and no p55TNFR IR
was found in the DP during any hair cycle stage (Figures
6m and 7c).

To summarize, the noncycling distal follicle epithelium
expressed Fas, p55 and p75 throughout the hair
cycle (with hardly any changes in IR throughout catagen

development), whereas distinct regions of the regressing
portion of the hair follicle showed a differential up-regu-
lation of these apoptosis-associated receptors. In early
catagen, only p55TNFR was expressed in hair matrix ke-
ratinocytes, whereas Fas/Apo-1 and p75NTR expression
was restricted to the ORS. In late catagen, all three re-
ceptors were found in the regressing central ORS, the
epithelial strand, and the secondary hair germ, whereas
the central IRS showed only Fas/Apo-1 IR (see Figure 7
and Table 2).

Pharmacologically Manipulated Hair Follicle
Regression
The treatment of anagen VI follicles in vivo with DEX or
CYP, which terminates anagen VI and induces massive,
premature catagen development,2739 induced striking
changes in their expression of apoptosis-related param-
eters, and pharmacologically manipulated catagen dis-
played several interesting differences in the number of
TUNEL-positive cells and in ICE, Bcl-2, Bax, Fas/Apo-1,
p55TNFR , and p75NTR IR, compared with spontaneous
catagen development (Table 3).

After DEX treatment, the number of TUNEL-positive
keratinocytes in the regressing hair matrix was not sub-
stantially increased compared with the normal anagen
VI/catagen transformation (compare Figures 2d and 8a
and Table 3). As during normal hair follicle cycling, DP
fibroblasts were never TUNEL positive in the skin of DEX-
or vehicle-treated mice (Figure 8a). CYP-induced preco-
cious catagen, in contrast, which is characterized by the
development of severe hair follicle dystrophy and alope-
cia,39'41 displayed a massive increase in the number of
TUNEL-positive cells throughout the entire proximal ORS,
IRS, and hair matrix (Figure 8b).
A strong up-regulation of constitutive ICE IR was found

in the regressing portion of the hair follicle epithelium,
both in DEX-induced (Figure 8a) and CYP-induced (Fig-
ure 8c) catagen (compared with anagen VI and with
normal catagen development (Table 3). Interestingly,
compared with spontaneous catagen development, both
DEX- and CYP-induced catagen were associated with a
strong up-regulation of Bax IR in the entire proximal hair
follicle epithelium and in DP fibroblasts, whereas Bcl-2
became undetectable in this region (Figure 8, d and e).
Both forms of pharmacologically manipulated catagen
showed increased Fas/Apo-1 IR in the entire central ORS
compared with spontaneous catagen (cf Figure 7a),
whereas the other follicle regions did not differ substan-
tially in their Fas/Apo-1 expression from vehicle-treated
anagen VI follicles or from spontaneous catagen follicles
(Table 3). p55TNFR IR in the proximal ORS and IRS (Figure
8g) was enhanced by CYP and DEX, compared with
normal catagen development. Major differences between
CYP- and DEX-induced catagen were observed in the
patterns of p75NTR IR, which was present in DP fibro-
blasts only after CYP, but not after DEX, treatment (Figure
8h). Thus, the two forms of pharmacological catagen
manipulation differed mainly in their effect on follicle ke-
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Figure 6. Expression of different apoptosis-associated markers and receptors during the spontaneous anagen-catagen transformation. Cryostat sections (10 gm)
of mouse skin were stained by various antisera. a: ICE IR (red fluorescence, arrowhead) was seen in the epidermis and the distal hair follicle ORS (including the
bulge/isthmus region, arrow) in anagen VI. Counterstaining of cell nuclei was done by Hoechst 33342 (blue fluorescence; also in Figure 6, b and c). b: In catagen
V ICE IR (red, arrowhead) was seen in the epithelial strand, where simultaneously multiple TUNEL-positive cells (green fluorescence, arrows) were located. DP
fibroblasts were TUNEL and ICE negative (DP). C: Catagen VI hair follicles showed ICE IR (red) in the proximal ORS, the epithelial strand (arrowhead) and
secondary hair germ. In these regions TUNEL-positive cell fragments (small arrow) and intact cells (large arrows) were located. d: Bcl-2 IR (red) was shown in
the dermal papilla (arrows) and hair matrix (arrowhead) in anagen VI. As in the following panels (except e, f, and 9), counterstaining was performed with Meyer's
hemalaun (blue). e: Cells of the bulge/isthmus region in anagen VI were visualized by Bcl-2/Bax double-staining but showed only Bcl-2 IR (red, arrows). f:
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Table 2. Comparison of the Expression Patterns of Various Apoptosis-Related Parameters during the Spontaneous Anagen-Catagen
Transformation

Anagen Catagen Catagen Catagen Catagen Catagen Catagen Catagen
VI II III IV V VI Vll Vlill

TUNEU c IRS,
Hoechst d ORS
33342

ICE SG, EP,
d ORS,
B,

Bcl-2 EP, B, IRS,
HM ORS,
DP

Bax c/p ORS,
IRS, HM

Fas/Apo-1 B, d and p
portion of
c ORS,

p75NTR B,
c/p ORS

p55TNFR EP, B,
d/c/p ORS,
p IRS

B, c IRS,
d/c ORS,
p HM

SG, EP, B,
d/c ORS,
HM

EP, B, HM,
ORS, DP

B, d/c ORS, B, d/c/p
p HM ORS,

p HM

SG, EP, B,
d/c ORS,
HM,

EP, B, HM,
ORS, DP

SG, EP, B,
d/c/p ORS,
HM

EP, B, HM,
ORS, DP

B, d/c/p
ORS,
p HM,
CH

SG, EP, B,
d/c/p ORS,
HM, ES

EP, B,
ORS, DP

B, d/c/p
ORS,
CH,
ES, SHG

SG, EP, B,
d/c/p ORS,
ES, SHG

EP, B, DP,
ORS, SHG

c/p ORS, c/p ORS, c/p ORS, c/p ORS, c/p ORS,
IRS, HM IRS, HM IRS, HM IRS, HM, IRS, ES,

SHG SHG
B, B, B, B, B, c/p ORS,

c/p ORS c/p ORS c/p ORS c/p ORS ES, c IRS,
SHG

B, B, B, B, B,
c/p ORS c/p ORS c/p ORS c/p ORS c/p ORS,

ES, SHG
EP, B, EP, B, EP, B EP, B, EP, B,

d/c/p ORS, d/c/p ORS, d/c/p ORS, d/c/p ORS, d/c/p ORS,
HM HM HM HM ES, SHG

B, d/p ORS,
ES

SG, EP, B,
d/c/p ORS,
ES, SHG

EP, B, DP,
ORS, SHG

ORS, IRS,
ES, SHG

B, SHG

B, ORS,
ES, SHG

EP, B, ORS,
ES, SHG

EP, epidermis; ES, epithelial strand; SHG, secondary hair germ; HM, hair matrix; CH, club hair; p, proximal; d, distal; c, central; B, isthmus/bulge
region. Bold print indicates changing expression pattern in comparison with the stage described before.

ratinocyte apoptosis and on p75NTR expression by DP
fibroblasts.

Discussion

Using a combined TUNEL/Hoechst 33342 staining tech-
nique (Figures 1, 2, 6, b and c, and 8, a and b), this study
complements and supports existing ultrastructural evi-
dence that keratinocyte apoptosis does occur during
normal2'3 as well as during pathological42,53 and exper-
imentally induced hair follicle regression.16'17'43'54'55 We
also provide biochemical evidence that both spontane-
ous and pharmacologically manipulated catagen are as-
sociated with endonuclease activation (Figure 5, a and
b). Furthermore, we identify previously unrecognized hot
spots of intrafollicular apoptosis and show that physio-
logical and pathological catagen are characterized by an
up-regulation of ICE expression and an apparent inver-
sion of the Bcl-2/Bax ratio in all epithelial follicle regions
that undergo involution during catagen (Figure 3 and
Tables 2 and 3).

The current study has generated the first "apoptomap"
of the murine hair follicle during spontaneous and in-
duced regression. It provides a detailed chart on the time

course and exact localization of intrafollicular apoptosis
during the anagen-catagen transformation and its spatio-
temporal correlation with the expression of key intracel-
lular and cell surface parameters implicated in apoptosis
control (ICE, Bcl-2, Bax, Fas, p75NTR, and p55TNFR) This
chart will become even more useful when it is systemat-
ically complemented by other researchers in the field.
Such complementary studies should include an analysis
of additional components of the apoptosis control ma-

chinery (eg, other members of the TNF/NGF receptor,
Bcl-2, and ICE-like protease families and FADD and
transglutaminases) and of the status of the cell cycle
machine of those keratinocytes destined to undergo ap-
optosis (namely their c-myc, c-fos, p53, p35, and p21
expression) as well as elucidation of the intrafollicular
expression patterns of Fas ligand, neurotrophins, and
TNF-a (cf Refs. 4, 5, 10, 30, 34, 36, and 56). (The sche-
matized, computer-generated drawings of the murine
hair follicle in defined transformation stages used in the
present study can be requested from the authors so as to
promote standardized recording techniques and data
presentation for hair research in the murine system.)
Our apoptomap (Figures 3 and 7) allows one to phar-

macologically target the parameters studied here much

Anagen VI keratinocytes in the proximal hair matrix were double stained as in Figure 6e and expressed both Bcl-2 (red-brown color) and Bax IR (blue
color). g: In catagen VI, Bcl-2 IR was found in the dermal papilla (large arrow) and keratinocytes of the secondary hair germ (small arrow), whereas a
predominance of Bax over Bcl-2 IR was seen in the regressing epithelial strand (arrowheads). h: Fas/Apo-1 IR (red) was found in the bulge/isthmus
(arrows) and in the distal portion of the central ORS in anagen VI. The same pattern was seen throughout catagen development. i: In catagen VI, slightly
Fas/Apo-1-IR keratinocytes were found in the proximal ORS and the regressing epithelial strand (arrows), whereas the dermal papilla was Fas/Apo-1
negative (arrowhead). j: The proximal and central ORS displayed p75NTR IR (red, arrows) during anagen VI. k: In catagen II, p75NTR expression was found
in the bulge/isthmuLs (red, arrow). 1: In catagen VI, the regressing epithelial strand showed p75NTR IR (red, arrow), whereas dermal papilla fibroblasts were
p75NTR negative (arrowhead). m: p55TNFR_IR (red) was expressed in the proximal ORS (arrows) and IRS (arrowheads) in anagen VI. n: Keratinocytes of the
central ORS were p55_TNFR during catagen II (arrows). o: During catagen VI, cells located in the secondary hair germ (arrowhead), regressing proximal ORS
(arrows), and distal ORS were p55TNFR IR (red). B, bulge/isthmus; EP, epidermis; ES, epithelial strand; SG, sebaceous gland; SHG, secondary hair germ; ORS,
outer root sheath; IRS, inner root sheath; DP, dermal papilla; APM, arrector pili muscle. Scale bars, 50 kLm (all except j) and 100 ,um (j).

B, ES

SG, EP, B,
d/c/p ORS,
ES, SHG

EP, B, DP,
ORS, SHG

ORS, ES,
SHG

ORS, SHG

B, ORS,
SHG

EP, B, ORS,
SHG
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Figure 7. Schematic representation of the topographic distribution of apop-
tosis-associated receptor (Fas/Apo-1 IR (a), p75NTR IR (b), and p55TNFR IR
(c)) expression during different stages of spontaneous hair follicle regres-
sion. Those keratinocytes or hair follicle compartments with strong Fas/
Apo-1 IR (a), p75NTR IR (b), or p55TNFR IR (C are shown in dark gray. Hair
follicle compartments that displayed weak p55TNFR IR are shown in light gray
(c). The different stages of the hair cycle are indicated according to Straile et
alt with some modifications."8 The summary scheme was derived from
analyzing >50 longitudinally sectioned follicles from the lower back of three
to five C57BU6 mice harvested per time point for every antigen. APM,
arrector pili muscle; B, bulge/isthmus; EP, epidermis; ES, epithelial strand;
SG, sebaceous gland; SHG, secondary hair germ; ORS, outer root sheath; IRS,
inner root sheath; DP, dermal papilla; TES, trailing epithelial strand.

more selectively than previously possible, so as to mod-
ulate keratinocyte apoptosis in the follicle (and thus cata-
gen development) with improved efficiency. For example,
agonists and antagonists of p55TNFR or p75NTR can now
be administered, knowing when and where in the follicle
maximal receptor expression promises maximal stimula-
tion responses. As the majority of hair growth disorders
seen in clinical practice largely reflects premature or
retarded catagen development,"a this apoptomap should
assist in the development of reliable and effective cata-
gen-modulatory drugs. For example, inhibitors of ICE-like
cysteine proteases, of endonuclease activity, and of
p75NTR-mediated signal transduction as well as agents
that up-regulate Bcl-2 expression in the hair bulb promise
to be effective catagen-blocking agents for the treatment
of telogen effluvium or chemotherapy-induced alope-
cia. 4. To be truly useful in a routine clinical setting, such
agents would have to be topically effective. This may be
achieved by the use of follicle-targeted liposome prepa-
rations (cf Refs. 57 to 59).
The apoptomap reported here contradicts conven-

tional hair research concepts in several respects. Most
notably, it reveals that keratinocyte apoptosis in normal
murine hair follicles commences much earlier than previ-
ously appreciated and occurs not only in the regressing
proximal hair bulb but also in three additional hot spots of
intrafollicular apoptosis. Already during mid-anagen VI
(day 12 p.d.), ie, long before the regression of anagen
follicles becomes morphologically noticeable, dense
clusters of apoptotic keratinocytes are seen in the central
IRS and in the distal ORS (Figures 1, 2, a and b, and 3a),
and throughout catagen development, there is prominent
apoptosis not only in the proximal ORS but also in its most
distal quarter (Figure 3a). The third apoptosis hot spot is
located in the secondary hair germ of advanced catagen
follicles (Figure 6c), where ultrastructural studies had not
detected signs of keratinocyte apoptosis.23 Possibly, the
apoptosis clusters seen in the central IRS of mid-anagen
VI follicles serve to maintain the IRS at a constant length
by deleting surplus IRS cells. During catagen, the simul-
taneous deletion of keratinocytes in four distinct apopto-

Table 3. Pharmacologically Manipulated Catagen: Comparative Summary of Expression Patterns of Apoptosis-Related Parameters

Differences to vehicle-treated anagen VI/spontaneous catagen development
DEX CYP

Number of TUNEL+ cells

Entire central and proximal HF
,IS

ORS, IRS, HM, and DP

ORS, IRS, HM and DP

Central OHS
'I

ORS, IRS, and HM

Entire ORS, IRS, and HM

Entire central and proximal HF
,IR

ORS, IRS, HM, and DP

ORS, IRS, HM, and DP
11'1T

Central ORS

DP
T

ORS, IRS, and HM
'LI,

HM, hair matrix; HF, hair follicle; T, T T, and T T T, weak, strong, and very strong up-regulation; I, I I., and I I I., weak, strong, and very
strong down-regulation; -, no substantial differences.

ICE

Bcl-2

Bax

Fas/Apo- 1

p75NTR

p55TNFR
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Figure 8. Distribution of apoptosis-associated markers and receptors in hair follicles during pharmacologically manipulated catagen. Cryostat sections (10 Jim)
of DEX- or CYP-treated mouse skin were stained by the TUNEL method (a and b, green fluorescence), and in addition, immunovisualization of ICE IR was
performed (a, red fluorescence), whereas in c only ICE IR was detected. Sections were counterstained by Hoechst 33342 (a to c, blue fluorescence). Double
immunovisualization of Bcl-2/Bax IR was done in d and e, whereas single immunodetection of Fas/Apo-1 (f), p55TNFR (g), and p75N'T IR (h) was performed.
a: Catagen II hair follicles after DEX treatment display only a few isolated TUNEL-positive (small arrows) but strong ICE IR (large arrow) keratinocytes in proximal
hair matrix. Dermal papilla (DP) fibroblasts remained TUNEL and ICE negative. b: After CYP treatment, numerous TUNEL-positive hair matrix keratinocytes were
seen (arrows), but DP fibroblasts were always TUNEL negative (arrowheads). C: Dramatic increase of ICE IR in the entire regressing portion of the hair follicle
(proximal hair matrix, central IRS, and ORS) was observed in CYP-treated skin (red fluorescence). d: After CYP, upregulation of Bax (blue) and absence of Bcl-2
IR (red-brown) were found in the proximal hair bulb (arrowheads) and particularly in the DP (arrow); ectopic melanin granules can be seen as a sign of follicle
dystrophy39,41. e: After DEX treatment, keratinocytes of the proximal hair matrix were only Bax positive (blue staining) and Bcl-2 negative (note the absence of
a red-brown color reaction). f: Dexamethasone-treated skin showed an upregulation of Fas/Apo-1 IR (red) in the central ORS (arrow). g: p55NFR IR in the
proximal ORS and IRS was extremely pronounced in anagen VI hair follicles. h: Strong p75NTR IR appeared in DP fibroblasts of dystrophic catagen II follicles after
CYP treatment (arrows; note again the ectopic melanin granules). ORS, outer root sheath; IRS, inner root sheath; DP, dermal papilla; HM, hair matrix. Scale bars,
50 ,um (except C) and 10 ,um (c).
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sis hot spots may explain the amazing speed of murine
hair follicle involution, during which the follicle shortens its
length between anagen VI and telogen by more than
two-thirds within approximately 2 days.1' 27
As the bulge region of the ORS harbors a major epi-

thelial stem cell population, the progeny of which proba-
bly generates a new anagen hair bulb after catagen and
telogen have been traversed,60 it is quite unexpected
that this region should be a hot spot of keratinocyte
apoptosis during catagen. This is the more surprising as
the distal ORS (including the isthmus/bulge region) prom-
inently expresses Bcl-2 throughout catagen development
(as shown before61) and hardly any Bax (Figures 3c and
6e). This Bcl-2/Bax expression pattern would be ex-
pected to suppress apoptosis (cf Refs. 13, 23, and 62) in
this region. Yet we show that this follicle region also
expresses strongly, rather homogeneously, and consis-
tently ICE and the apoptosis receptors Fas/Apo-1 and
p75NTR throughout the entire anagen-catagen transfor-
mation (Figures 3b; 6, h and k; and 7, a and b). Thus, the
majority of cells in the distal ORS is equipped with key
components of the molecular machinery for inducing pro-
grammed cell death. It now needs to be identified which
of the apoptotic cells visible in the bulge/isthmus and
which of the cells immunoreactive for ICE, Bcl-2, Fas,
p75NTR, and p55TNFR (Figures 3 and 7) actually represent
stem cells and how stem cells in the bulge region man-
age to escape cell death in the midst of a tissue environ-
ment characterized by intense apoptotic activity.
The prominence of keratinocyte apoptosis in the ORS

distal to the insertion of the arrector pili muscle (Figures 1,
a and b; 2, b-c; and 3a) also reveals that this so-called
noncycling hair follicle segment is not as permanent as
traditionally assumed (cf Refs. 18, 19, 60, and 63). Due to
the velocity of programmed cell death, the visualization of
even a few apoptotic cells within a tissue compartment
indicates that actually much more apoptosis occurs here
than the mere number of demarcated apoptotic cells
suggests (cf Ref. 9). Thus, our data imply that the distal
follicle epithelium deletes a substantial percentage of its
cells during catagen, thereby undergoing significant tis-
sue remodeling. This means that catagen development
affects the entire murine hair follicle, not only its proximal
component, and challenges the validity of a much-loved,
basic concept of hair biology, ie, the existence of a small,
permanent follicle compartment located above the arrec-
tor pili muscle (cf Refs. 18, 19, 60, 63, and 64).

The present mouse model for studying epithelial cell
apoptosis in vivo evidently does not allow one to conclude
with certainty how exactly keratinocyte apoptosis is reg-
ulated in the hair follicle. Also, the obvious limitations of
immunohistological data prevent that more than first
pointers to the up- and downstream molecular controls of
follicle keratinocyte apoptosis can be distilled from the
current study. Yet the IR patterns summarized in this
apoptomap of the murine hair follicle (Figures 3 and 7)
provide several interesting clues.

Our study supports that the downstream controls of
follicle keratinocyte apoptosis follow one of the most
widely used, evolutionarily most highly conserved sce-
narios demonstrated, eg, for nematodes, thymocytes,

mature T and B lymphocytes, neurons, and many hor-
mone-dependent epithelial cells in vivo and in vitro (cf
Refs. 10, 65, and 66). Other than Bcl-2/Bax- and/or en-
donuclease-independent forms of apoptosis described
for various cell systems and experimental conditions (cf
Ref. 13), follicular keratinocyte apoptosis in health and
disease seems to involve a sudden decline in the Bcl-2/
Bax ratio, followed by ICE activation and, finally, endo-
nuclease activation (cf Refs. 12, 23, and 30).

This hypothesis can be probed by repeating the same
assays as the ones reported here in appropriate mouse
mutants and their wild-type littermates (studying, eg,
Bcl-2 knockout67 or Bcl-2-overexpressing transgenic
mice68). If this hypothesis is correct, the administration of
known endonuclease or ICE inhibitors to murine anagen
follicles in vivo should retard catagen and should inhibit
chemotherapy-induced follicle keratinocyte apoptosis,
catagen, and/or alopecia. Preliminary evidence suggests
indeed that the oral administration of Zn2+, which inhibits
endonuclease activity,69'70 does exert these predicted
effects.71

In principal, molecular targets for the development of
novel hair drugs may include topically administered
caspase or endonuclease inhibitors for the management
of unwanted hair loss and topical agents that selectively
up-regulate Bax, down-modulate Bcl-2, or activate ICE-
like proteases or endonuclease in follicle keratinocytes so
as to remove unwanted hair growth. However, our study
has revealed disappointingly little correlation between
TUNEL-positive cells and the expression of standard ap-
optosis-associated molecules, which questions whether
follicle keratinocytes are subject to the same apoptosis
control as other keratinocytes (cf Ref. 72). Also, until it
has been clarified whether similar patterns of apoptosis
and its control occur in murine and human hair follicles, it
is premature to predict the effects of manipulating in-
trafollicular apoptosis on human hair growth. For exam-
ple, Tamada et a173 have reported TUNEL-positive cells
in both the proximal and distal IRS of human anagen VI
follicles, whereas we have detected TUNEL-positive cells
only in the central IRS of murine anagen VI follicles.
Furthermore, there are recognized differences in club
hair shedding between men and mice, which may reflect
species-dependent differences in apoptosis-driven folli-
cle regression and club hair shedding.
The results of pharmacological catagen manipulation

by topical DEX or systemic CYP provide additional hints.
Despite their very different mechanisms of action and
routes of administration, both drugs strikingly up-regulate
ICE, Bax, and p55TNFR expression in various epithelial
follicle compartments (Table 3). However, only in the
case of CYP is this also associated with a massive up-
regulation of keratinocyte apoptosis in anagen VI and
catagen follicles (Table 3 and Figure 8b). This suggests
that the up-regulation of ICE, Bax, and p55TNFR expres-
sion alone does not suffice to trigger follicle keratinocyte
apoptosis. Likewise, even the stimulation of p75NTR ex-
pression by CYP in the normally p75NTR-negative DP as
well as the up-regulation of Bax and the suppression of
Bcl-2 IR by CYP here fail to trigger apoptosis in this highly
specialized fibroblast population, which never expresses
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ICE and Fas IR (Figure 4). Taken together, these "apop-
tomap" characteristics of DP fibroblasts may explain in
part why follicles are so comparatively resistant to irre-
versible, permanent damage by chemotherapy (cf Refs.
39 and 40).

Concerning the upstream controls of normal follicle
keratinocyte apoptosis, the IR patterns characterized
here render it unlikely that Fas or p55TNFR play critical
roles in triggering the apoptosis of follicle keratinocytes in
the proximal hair bulb during spontaneous catagen. As
demonstrated by TUNEL/Hoechst 33342 stain, early dur-
ing follicle regression, the proximal hair bulb becomes
the most prominent site of intrafollicular apoptosis (Fig-
ures 2d and 3a), and throughout catagen most apoptotic
cells are seen in the regressing hair bulb (Figures lb; 2,
d and f-h; 3a; and 6, b and c). Yet neither Fas nor
p55TNFR display substantially increased levels of expres-
sion in this region during early catagen (Figures 6i and 7,
a and c, and Table 2). In fact, Fas is most prominently
expressed in the nonregressing, distal follicle epithelium
(Figures 6h and 7a), where it may well be involved in the
control of apoptosis induction. The striking expression of
p55TNFR around the club hair in late catagen develop-
ment (Figure 60) raises the question whether p55TNFR
stimulation is involved in club hair formation. In the re-
gressing hair follicle, instead, the rather weak Fas expres-
sion, which is seen on only relatively few cells (Figures 6i
and 7a), argues against Fas as an important factor in
controlling keratinocyte apoptosis. The same may be true
for p55TNFR, as its expression in the hair bulb remains
fairly constant throughout the anagen-catagen transfor-
mation, is strongly expressed in the nonapoptotic anagen
hair bulb, and even disappears from the regressing prox-
imal IRS despite its rapid involution (Figure 7c).

In contrast, an up-regulation of p75NTR expression is
seen in those regions of the proximal follicle epithelium
where the most dramatic keratinocyte apoptosis occurs,
and this around the time period when the number of
apoptotic cells increases (compare Figures 3a; 6, c and
I; and 7b). Also, throughout the anagen-catagen transfor-
mation, p75NTR expression is consistently high in the
distal ORS, one of the apoptosis hot spots of the murine
hair follicle (Figures 3a and 7b). Thus, particularly in the
hair bulb, p75NTR expression might be more intimately
involved in controlling follicle keratinocyte apoptosis than
Fas and p55TNFR. Again, this provides important back-
ground information for the therapeutic manipulation of
follicular apoptosis. Existing mouse mutants can be used
to explore the intriguing possibility that neurotrophins and
the low-affinity neurotrophin receptor are crucial for con-
trolling not only neuronal10'38 but also epithelial cell ap-
optosis.
The lack of convincing evidence from our study that

p55TNFR and Fas, the two prototype cell surface recep-
tors for apoptosis induction,3074'75 are responsible for
determining where and when in the hair bulb keratino-
cytes are singled out to die further encourages one to
systematically explore in the future the role of inhibitory
controls of catagen-associated apoptosis. Possibly, ap-
optosis in the hair bulb is chiefly determined by a sudden
decline during late anagen and catagen of local anti-

apoptotic stimuli that normally suppress apoptosis in the
anagen hair bulb (cf Ref. 18). Also, the "apoptomap"
generated here invites one to dissect to which extent
different epithelial cell populations in the hair follicle use
distinct apoptosis controls.72 Certainly, the current study
illustrates that the murine hair follicle offers a convenient,
clinically relevant and most instructive necrobiological
research tool for studying the social and intracellular
controls of epithelial cell apoptosis in situ under physio-
logical and pathological conditions.
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